We report the fabrication of metal-coded molecularly imprinted polymers (MIPs) using hydrogel-based protein imprinting techniques. A Co(II) complex was prepared using (E)-2-((2 hydrazide-(4-vinylbenzyl) hydrazono)methyl)phenol; along with iron(III) chloroprotoporphyrin (Hemin), vinylferrocene (VFc), zinc (II) protoporphyrin (ZnPP) and protoporphyrin (PP), these complexes were introduced into the MIPs as co-monomers for metal-coding of non-metalloprotein imprints. Results indicate a 66% enhancement for bovine serum albumin (BSA) protein binding capacities (Q, mg/g) via metal-ion/ligand exchange properties within the metal-coded MIPs. Specifically, Co(II)-complex-based MIPs exhibited 92 ± 1% specific binding with Q values of 5.7 ± 0.45 mg BSA/g polymer and imprinting factors (IF) of 14.8 ± 1.9 (MIP/ non-imprinted (NIP) control). The selectivity of our Co(II)-coded BSA MIPs were also tested using bovine haemoglobin (BHb), lysozyme (Lyz), and trypsin (Tryp). By evaluating imprinting factors (K), each of the latter proteins was found to have lower affinities in comparison to cognate BSA template. The hydrogels were further characterised by thermal analysis and differential scanning calorimetry (DSC) to assess optimum polymer composition.
Introduction
Reports of molecularly imprinted polymers (MIPs) as promising vehicles for specific molecular recognition has risen exponentially over the past 20 years [1] [2] [3] [4] [5] [6] [7] [8] . Undoubtedly, these smart polymers will find numerous applications in drug delivery, controlled release and monitoring of drug and metabolite concentrations [9] [10] [11] [12] . However, there is still currently a bottle-neck in translating MIP research into high impact biological applications. The problem lies in the fact that currently MIPs as synthetic antibodies still cannot compete with their biological counterparts [10] . Molecular imprinting can generally be achieved through a number of synthetic strategies (e.g. covalent, non-covalent, semicovalent and metal ion-mediated imprinting) depending on the types of interactions desired, as described in Fig. 1 . Of these approaches, metal ion-mediated imprinting is of great interest to introduce enhanced functionality into recognition sites of MIPs; depending on the metal, its oxidation state and ligand characteristics, the strength of interaction can vary enormously [2, 13] . Metal ions are known to bind functional groups through the sharing of electrons from the atoms of templates to the unfilled orbitals of the outer coordination sphere of the metal [2, [13] [14] [15] [16] [17] . For example, Sreenivasan illustrated the possibility of improving imprinting efficiencies of polyaromatic hydrocarbons (PAHs), namely naphthalene, by pre-associating a metal ion prior to polymerisation of poly(2-hydroxyethyl methacrylate) (pHEMA) hydrogels [14] . It was proposed that due to the lack of functional groups (e.g. OH, COOH, NH 2 , etc.), inadequate and inefficient affinity sites would hinder MIP functionality for such PAH molecules. In turn, the addition of metal ions to pHEMA, such as silver (Ag + ), could impart enhanced interactions between the functional monomers and the PAHs. As a result of incorporating Ag + ions during the synthesis (in the form of silver nitrate), the equilibrium uptake of the template naphthalene molecule rose from 3.3 ± 0.4 mg/100 mg (without using Ag ions) to 66.0 ± 2 mg/100 mg, resulting in an impressive MIP to NIP imprinting factor of 27.5:1. Therefore, it appeared that the adsorption capacity of molecules lacking essential anchoring functional groups can be increased by inclusion of metal ions [14] . Consequently, metal coordination has been employed in MIPs for small organic molecule recognition as an alternative means of association between template and functional monomer [2] . This approach was first reported by Fujii et al. for the imprinting of chiral amino acids [18] . In this approach, metal complexes generally consisted of polymerizable ligand(s) to complex the metal ion (typically a transition metal ion) which in turn coordinated to the template. As such, metalloporphyrins have been widely explored for small molecule imprints and researchers have hypothesised that three-dimensional binding sites occurred on the porphyrin plane via metal coordination ultimately leading to co-operative contribution to specific binding [15] [16] [17] [18] [19] . Herein, we investigate the feasibility of fabricating metal-coded MIPs for biomacromolecule recognition (namely, proteins), within polyacrylamide hydrogels. A chelating Co(II) complex was synthesised using a (E)-2-((2 hydrazide-(4-vinylbenzyl)hydrazono) methyl)phenol ligand comprising bifunctional vinyl groups purposefully chosen for co-polymerisation within the polyacrylamide matrix. Cobalt (Co) is one of the essential trace elements and plays a number of crucial roles in many biological functions such as in vitamin B12 for formation of red blood corpuscles, and in nitrogen fixation by microorganisms in plants [20] [21] [22] . Hydrazones are also an important class of Schiff base compounds possessing pharmacological applications as antimicrobial, anti-inflammatory, and antitumoral agents [20] . Hydrazone compounds also display versatile behaviours in metal coordination and their biological activity is often increased by bonding to transition metals. One example is the biological activity of d-metal complexes of N-heteroaromatic hydrazones of 2-pyridinecarboxaldehyde which is often higher in comparison to the corresponding free ligand [20] [21] [22] .
Iron(III) chloroprotoporphyrin (Hemin), vinylferrocene (VFc), zinc(II) protoporphyrin (ZnPP), and protoporphyrin (PP) were also investigated as additional functional group co-monomers for enhanced template association and for their electrochemical activity. These complexes were chosen on the basis that metal ions in metalloporphyrin-based receptors can serve as Lewis acid sites to bind Lewis bases such as amines [15] . Thus, metalloporphyrin inclusion in hydrogel MIP systems would create additional interactions for template protein molecules, and ultimately could provide an essential redox centre in the development of electrochemical biosensors [23] [24] [25] [26] [27] [28] [29] [30] . In this paper, the latter complexes were introduced into the MIPs as co-monomers (and/or cross-linkers) for metal-coding of the imprinted cavities for the selective recognition Fig. 1 . Schematic representation of the imprinting process illustrating the reversible interactions between template and polymerizable functional monomers used in creating affinity. Depending on the synthetic strategy this may involve one or more of the following interactions: (a) reversible covalent bonds, (b) covalently attached polymerizable binding groups that are activated for non-covalent interaction by template cleavage (sacrificial spacer or semi-covalent strategy), (c) electrostatic interactions, (d) hydrophobic or van der Waals interactions, (e) co-ordination with a metal centre. Each, (a-e) respectively are formed with complementary functional groups or structural elements of the template. Subsequent polymerisation in the presence of a cross-linker produces a porous matrix in which template sites are located; these can then be removed through disruption of polymer-template interactions (a-e), and extracted from the matrix. Template(s), or analogues thereof, may then be selectively rebound by the polymer in the sites/cavities vacated by template, or the imprints. Reproduced with permission from Ref. [2] .
of the non-metallo proteins bovine serum albumin (BSA). The proposed metal-coded MIPs for protein recognition are intended to lead to unprecedented improvement in MIP selectivity and for future biosensor development that rely on electrochemical redox processes.
Experimental section

Reagents
Acrylamide (AA), N,N-methylenebisacrylamide (bis-AA), ammonium persulphate (APS), N,N,N,N-tetramethylethylenediamine (TEMED), sodium dodecyl-sulphate (SDS), glacial acetic acid (AcOH), tris(hydroxymethyl)-amine (Tris-base), tris (hydroxymethyl)-amine hydrochloride (Tris-HCl), dimethylformamide (DMF), dimethyle solfoxide (DMSO), 4-vinylbenzyl chloride, 2-hydroxybenzaldehyde, hydrazine hydrate, cobalt chloride, iron(III) chloroprotoporphyrin IX (Hemin), vinylferrocene (VFc), zinc(II) protoporphyrin IX (ZnPP), protoporphyrin IX (PP), haemoglobin (bovine, H 2500, BHb), serum albumin (bovine, A3059, BSA), Lysozyme (hen egg white, L7651), Trypsin (bovine pancreatic, T4665) were all purchased from Sigma-Aldrich, Poole, Dorset, UK. Sieves (75 lm) were purchased from Inoxia Ltd., UK.
Synthesis of ligand
A Schiff base ligand of (E)-2-((2 hydrazide-(4-vinylbenzyl)hydra zono)methyl)phenol was prepared by mixing a solution of 4-vinylbenzyl chloride (5 mL, 0.03 mol) in absolute ethanol (12.5 mL) along with hydrazine hydrate (1.5 mL, 0.03 mol) under continuous stirring, the resulting mixture was refluxed on a water bath for 4 h. After completion of the reaction, the mixture was cooled at room temperature and a white precipitate of hydrazide was filtered and collected. The resulting hydrazide (2 g, 0.013 mol) was then dissolved and stirred in ethanol (10 mL) with an equivalent amount of 2-hydroxybenzaldehyde (1.37 mL, 0.013 mol). To this, a catalytic amount of glacial acetic acid was added, and the reaction mixture was heated to 70-80°C for 4-6 h. The completion of the reaction was noted by the formation of the ligand as a yellow solid. The ligand was monitored by thin-layer chromatography (TLC) and then separated by filtration and recrystallized. Yield: 80%, MP: 164-166°C, Elemental analysis, found (calcd.) for C 16 
Synthesis of Co(II) complex
The bifunctional vinyl Co(II) complex was prepared by addition of the (E)-2-((2 hydrazide-(4-vinylbenzyl)hydrazono)methyl)phe nol ligand (2 mmol) along with cobalt chloride (1 mmol) to a hot solution (60°C) of ethanol and water (1:1, 25 mL). The resulting mixture was then stirred under reflux for 1-2 h. The completion of the reaction was noted by the formation of a reddish brown solid. The precipitate was filtered and washed twice with a 1: .
Characterisation of both the (E)-2-((2 hydrazide-(4-vinylben zyl)hydrazono)methyl)phenol ligand and Co(II) complex were performed by elemental analysis, FT-IR, 1H NMR, electronic spectra.
MIP preparation
Hydrogel-based MIPs (HydroMIPs) were synthesised using 0.76 M of AA monomer (54 mg) along with 38.92 mM (6 mg) of bis-AA as cross-linker for each hydrogel. Template protein (BSA, 66 kDa; 12 mg, 181.8 lM) was also added followed by initiator (20 lL of a 10% (w/v) APS solution, 8.77 mM) and catalyst (20 lL of a 5% (v/v) TEMED solution, 8.61 mM) along with 50 mM Tris buffer pH 7.4 to give final volumes of 1 mL. For the imprinting of metal-coded MIPs, appropriate amounts of complexes Hemin, VFc, ZnPP, PP or Co-complex (dissolved in DMF) were also added to give a final concentration of 0.2 mM. Solutions were purged with nitrogen for 5 min and polymerisation occurred overnight at room temperature ($22°C), giving final total gel densities (%T) of 6%T, AA/bis-AA (w/v) and final crosslinking densities (%C) of 10%C (9:1, w/w) for all hydrogels. Molar ratios of monomer and crosslinker to template protein were at 4180:1 and 214:1, respectively. For every MIP hydrogel created a non-imprinted control polymer (NIP) was prepared in an identical manner but in the absence of template protein. Both HydroMIPs and NIPs are semi-translucent and have a gel-like appearance and texture that vary based on functional monomer/co-monomer, and %T gel composition.
After polymerisation, the gels were granulated separately using a 75 lm sieve. Of the resulting gels, 500 mg were washed with five 1 mL volumes of 50 mM Tris buffer pH 7.4 followed by five 1 mL volumes of 10% (w/v):10% (v/v) SDS:AcOH (pH 2.8) and another five 1 mL volume washes of MilliQ water to remove any residual 10% (w/v):10% (v/v) SDS:AcOH eluent followed by a further wash of 50 mM Tris buffer pH 7.4 to equilibrated the gels. Each wash step was followed by a centrifugation, whereby the gels were vortexed then centrifuged using an Eppendorf mini-spin plus centrifuge for 3 min at 6000 rpm (RCF: 2419g). All supernatants were collected for spectrophotometry analysis to verify the extent of template removal. It should be noted that the last water wash and SDS:AcOH eluent fractions were not observed to contain any protein. Therefore, we are confident that any remaining template protein within the MIPs did not continue to leach out during future studies.
MIP characterisation 2.5.1. Spectrophotometric analysis
The subsequent rebinding effect of the conditioned and equilibrated MIPs and NIPs were characterised using a UV mini-1240 CE spectrophotometer (Shimadzu Europa, Milton Keynes, UK). Hydrogels (500 mg) were then treated with 1 mL of a 3 mg mL À1 template protein solution of either BSA, BHb, Lyz or Tryp, and polymer/protein solutions were mixed on a rotary vortex mixer then allowed to associate at room temperature ($22°C) for 20 min followed by centrifugation. The hydrogels were then washed four times with 1 mL MilliQ water. Each reload and wash step for the hydrogels was followed by centrifugation at 6000 rpm (RCF: 2419g) for 3 min. All supernatants were collected for analysis by spectrophotometry (at 404 nm for BHb and 280 nm for BSA, Lyz and Tryp).
Thermal analysis
Thermal stability and the glass transition temperature (T g ) of the polymer materials were determined using both thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC). TGA was performed by a TGA Q500 V6.7 Build 203 (Universal V4.7A TA Instruments, UK) under nitrogen atmosphere from 25 to 600°C at a heating rate of 10°C/min. DSC was performed using a DSC Q1000 V9.9 Build 303 (Universal V4.7A TA Instruments, UK) using a heat/cool/heat test method (rate of 10°C/min) to eliminate the effect of moisture [31] . DSC thermograms of each sample were obtained from the second heating run (from 0 to 250°C) after a first heating run from 0 to 150°C, and T g values were taken as the midpoint of transition (half height). All TGA/DSC measurements were performed using 5-10 mg of dried samples under an atmosphere of nitrogen gas.
Statistical evaluation
Percentage specific binding was calculated using the amount of MIP protein binding subtracted from that binding in NIP; this value is then divided by the initial protein loaded concentration, i.e.
where C i and C r are the initial protein and the recovered protein concentrations (mg/mL) respectively. Significance ( * P < 0.05, ** P < 0.01 or *** P < 0.005) was calculated using an unpaired two-tailed Student's t-test (n = 3), data represents mean ± S.D., n = 3.
Results and discussion
Co(II) complex characterisation
It appears from the elemental analysis data that the reaction between cobalt chloride and the ligand occur in a 1:2 (metal:ligand) molar ratio. The complex is insoluble in common organic solvents viz. ethanol, methanol, chloroform, benzene, cyclohexane, acetone, diethyl ether, etc., but is soluble in DMF and DMSO. Structures of the Co-complex, along with hemin, ZnPP, PP, and VFc are illustrated in Fig. 2 . It should be noted that all complexes comprise vinyl groups purposefully chosen for the ability to co-polymerise within the polyacrylamide structure and provide additional functional groups to associate with the template.
IR spectral analysis
The IR spectra of the free ligand and its corresponding Co(II) complex was compared to deduce information about the coordination behaviour of the ligand with metal (Fig. 3) . The IR spectra of the (E)-2-((2 hydrazide-(4-vinylbenzyl)hydrazono)methyl)phenol displayed an absorption band at 3333 cm À1 due to OAH stretching. ) in its metal complex suggesting coordination of the azomethine group with metal.
3.3.
H NMR analysis
The formation of ligand was supported by 1 H NMR spectra, and the appearance of a sharp singlet at 2.34 ppm, corresponds to the NH proton. A singlet at 11.26 corresponds to an AOH proton. The disappearance of the phenolic AOH proton signal in the Co(II) complex indicates the bonding through a phenolate-oxygen with metal. The multi signals within the range of 7.02-7.66 ppm are assigned to the aromatic protons. These signals are shifted towards low field in the metal complexes. This information suggests the adjustment of electronic current upon coordination of C@N group to the metal ion. 
Electronic spectrum
MIP characterisation
The molecular imprinting effect was characterised by calculating the rebinding capacity (Q) of protein to the gel polymer (mg g À1 )
exhibited by the protein-specific MIP and the control NIP using Eq.
(1), where C i and C r are the initial protein and the recovered protein concentrations (mg/mL) respectively (which specifies the specific protein bound within the gel), V is the volume of the initial solution (mL), and g is the mass of the gel polymers (g). 2). Therefore, it is evident that the best imprinting effects of BSA rely on the presence of metal-ion centre within metal-coded MIPs. Protoporphyrin IX contains a tetrapyrrole ring structure, and could contribute to the MIP cavity by forming p-p stacking interactions with any number of exposed aromatic amino-acids such as histidine or proline. VFc also has an aromatic ring that can form similar interactions. Both the zinc(II) and iron (II)/(III) in the ZnPP, VFc and Hemin structures could further coordinate with BSA to form more specific recognition sites in the MIP polymer matrix. The same is true for the Co-complex, where the Co (II) is also able to coordinate its metal ion within the MIP matrix and can bind functional groups through the donation of electrons from the atoms of templates to the unfilled orbitals of the outer coordination sphere of the metal. It was not possible to compare the functionality of the (E)-2-((2 hydrazide-(4-vinylbenzyl)hydra zono)methyl)phenol ligand in the MIP matrix with its counterpart Co(II) complex due to a lack of solubility in the polymerisation stage. The immiscibility of the ligand ultimately lead to precipitation of BSA protein in the organic phase and inhibited the production of MIP polymers. Thus, from the enhanced affinities, it is plausible that the coordination metal ion electron acceptors along with p backbonding can complex with many of the protein backbone amino acid chains electron donors and numerous favourable interactions occur by weak charge transfer interactions within these polyacrylamide-based MIPs. This in turn can lead to a more stable conformational compatibility between the protein template and the MIP cavity region.
The nature and volume of the solvent/porogen also play an important role in the generally accepted two stage molecular imprinting process; firstly by single phasing the polymerisation components, and secondly to regulate the macroporosity [32] . The hydrogel systems listed herein have roughly a 93% water composition. Water is a polar protic solvent with a low dipole moment (1.85 D). However, the incorporation of a small amount of an organic solvent (DMF) is reported here. DMF is a polar aprotic solvent with a high dipole moment (3.82 D), and could have adverse effects on the stability of the MIP in terms of BSA protein compatibility. Therefore, control studies including appropriate amounts of DMF in the MIP preparation were conducted to ascertain any interference within the imprinting process. Results showed no significant difference between a normal MIP (Q values of 3.2 ± 0.52 mg g À1 ) and a MIP prepared in the presence of DMF (Q values of 3.1 ± 0.15 mg g À1 ). The pH value of the adsorption solution plays an important role in the rebinding and selecting processes, and therefore a 50 mM Tris buffer pH 7.4 was selected for optimum rebinding [33] . Selectivity studies were also conducted to confirm the specificity of the imprinting effect by assessing the relative imprinting factor of cross-selective binding proteins. The cross-reactivity of the BSA-imprinted MIPs for non-cognate proteins was quantified using relative imprinting factors (K), Eq. (3), where IF template is the imprinting factor for the original template, and IF analogue is the imprinting factor of the analogue proteins. For the template BSA K = 1, and for the non-cognate proteins that are less-specific for the BSA MIP, K < 1.
Therefore, based on the best imprinting effect exhibited by the Co(II)-coded MIP, the cross-selectivity was also tested using bovine haemoglobin (BHb), lysozyme (Lyz), and trypsin (Tryp). BHb exhibits the closest selectivity to BSA (K = 0.56 ± 0.07). Since the diameter of BHb and BSA are approximately 5.5 nm and 15.5 nm respectively, recognition is unlikely to be based on protein dimensional size. Based on their molecular weight similarity, the molar ratio of monomer:protein (4180:1) will be similar for both BHb and BSA. Therefore, we would expect a similar number of monomer molecules to interact with each protein molecule during cavity formation. When incorporating 0.2 mM of a di-vinyl functionalised metal complex into the polymerising matrix (to produce Co(II)-coded MIP), the Co-complex can act as an additional crosslinker during the polymerisation and so theoretically, it will also be present at the cavity albeit at a much smaller molar concentration (0.5%) compared with the main cross-linking agent, bisacrylamide. Interestingly, in the presence of this Co-complex bound MIP, the cross-selectivity of the BSA-Co(II)-MIP towards BHb is reduced by a factor of 2.5 (K = 0.22 ± 0.13). It seems that the metal-complex modified MIP matrix is capable of forming more stable and importantly, a highly selective protein-polymer complex for the cognate protein BSA. Li et al. [33] have studied metal ion mediated enhancement of imprinting factor of a BSA MIP. They proposed that inclusion of a divalent ion such as Co 2+ during polymerisation encouraged the formation of a BSA-Co(II) complex through Co interaction via both ACOOH and/or Nterminus of BSA. Metal co-ordination via the protein was key to improving protein binding affinity. Our method of integrating the metal centre as part of the polymer matrix offers the advantage of interrogating selective protein binding directly without the need for initial pre-treatment of the protein or MIP with a metal ion. Thermal analysis of the polymer composites (total monomer concentration = 6% T, w/v) using thermo-gravimetric analysis (TGA) and differential scanning calorimetry (DSC) reveal that polyacrylamide hydrogels have higher thermal degradation in the presence of a metal ligand, and thus a lower ability to preserve water (Fig. 5A) . The first thermal event occurs in the temperature range 25-210°C, where all polyacrylamide samples present a mass loss ranging from 12% to 18% due to the evaporation of water. This attribute is a function of polymer morphology and crystallinity [31] . TGA and derivative weight (%/°C) showed that both Cocomplex and VFc polyacrylamide hydrogels had lower temperatures for maximum weight loss (200°C) than pure acrylamide (210°C). Thermal degradation of the polymer hydrogels also followed the same trend whereby polyacrylamide reached a maximum of 410°C, with weight loss of 42% and both Co-complex and VFc polyacrylamide reached a maximum of 400°C, with weight loss of 37% and 39% respectively. DSC thermograms reveal that the glass-transition temperature (T g ) of pure polyacrylamide was 76.84°C, the result comparable with previous reports of 97°C, concentration more than 8% [31] and 70°C, concentration less than 8% [34] . The inclusion of both Co(II) complex and VFc however result in T g values of 134°C and 137°C respectively (Fig. 5B) . The miscibility of polymers can be judged by the properties of the solid state such as the T g [31] . Lower T g values indicate a more amorphous and flexible polymer backbone, whereas higher T g values are indicative of more crystalline structures. Most notably, addition of metal complexes resulted in T g values of 60°C greater than that of pure polyacrylamide, hence suggesting improved macroporosity and polymer backbone stability. It is feasible that metal-coded MIPs can improve cavity stability via the substituted vinyl-group ligands in the complexes allowing them to act as cross-linkers and hence increasing the chain entanglement.
Conclusions
Iron(III) chloroprotoporphyrin (hemin), vinylferrocene (VFc), zinc(II) protoporphyrin (ZnPP) and protoporphyrin (PP), along with a bespoke cobalt Co(II) complex were introduced into hydrogelbased MIPs as co-polymers for metal-coding of a BSA protein imprint. It was concluded that metal-coded polyacrylamide MIPs exhibited higher BSA binding and selective capacities. This could be due to improved polymer backbone stability and macroporosity with T g values of around 60°C higher than that of pure polyacrylamide. Specifically, Co(II)-coded MIPs had the highest binding capacity (Q) values of 5.7 ± 0.45 mg BSA/g polymer and IF values of 14.8 ± 1.9. Optimum polymer compositions were further characterised by thermal analysis. Additionally, we propose that the metal itself is contributing to favourable (pi) bonding interactions with the protein. We are currently expanding this study to encapsulate other transition metal complexes in order to develop a better understanding of the metal (complex)-MIP-protein interactions leading to these optimised binding capacities. At this stage, a direct comparison of MIPs with antibodies is warranted. These metalcoded MIPs also readily lend themselves for electrochemical interrogation and hence future protein biosensor development.
